Lattice-matched graphene on hexagonal boron nitride is expected to lead to the formation of a band gap but requires the formation of highly strained material and has not hitherto been realized. We demonstrate that aligned, lattice-matched graphene can be grown by molecular beam epitaxy using substrate temperatures in the range 1600−1710°C and coexists with a topologically modified moirépattern with regions of strained graphene which have giant moiréperiods up to ∼80 nm. Raman spectra reveal narrow redshifted peaks due to isotropic strain, while the giant moirépatterns result in complex splitting of Raman peaks due to strain variations across the moiréunit cell. The lattice-matched graphene has a lower conductance than both the Frenkel−Kontorova-type domain walls and also the topological defects where they terminate. We relate these results to theoretical models of band gap formation in graphene/boron nitride heterostructures.
T he fabrication of heterostructures formed by placing monolayer graphene on hexagonal boron nitride 1−3 (hBN) has provided a route to a diverse range of new phenomena including cloning of Dirac points, a commensurate−incommensurate transition and resonant tunnelling between chiral states. 4−9 The interest in hBN was originally motivated by its suitability as an ultraflat substrate with isostructural properties, and a close match in lattice parameters to graphene. 1, 10, 11 In fact, the mismatch between the lattice constants of hBN, a hBN , and graphene, a G , although small (∼1.8%), can strongly modify the electronic properties of graphene through the formation of a moirépattern and an associated superlattice potential which modifies the electronic band structure, and leads to the formation of satellite Dirac points. 4, 5, 8 In addition, the symmetry between the A and B graphene sublattices is broken locally and, depending on whether there is a cancellation of this effect across the unit cell, can give rise to an energy gap at the Dirac point. 4,12−18 A more robust route to forming an energy gap has been predicted for G/hBN heterostructures in which the layers are latticematched; 14 in that case, the A/B sublattice symmetry is broken globally rather than locally. However, this would require a relative strain of ∼1.8% between the two materials which has not been realized to date and is widely considered to be unachievable. Here we demonstrate that lattice-matched graphene can be grown on hBN using molecular beam epitaxy (MBE) and a substrate temperature, T S , up to 1710°C. The lattice-matched graphene is formed over areas of ∼1 μm 2 and results in a narrowing and shifting of the major peaks in the Raman spectrum. We also observe topologically modified moireṕ atterns in which dislocations act as sources for Frenkel− Kontorova-like domain walls and provide a mechanism for strain relief within the graphene monolayer. A spatial variation of the electrical conductance at room temperature, which we argue is consistent with the formation of a small energy gap, is also observed.
We have recently shown 19 that strained graphene can be grown on hBN using MBE and that it exhibits complex moireṕ atterns which can be highly anisotropic and have a period, λ S , which is much greater than λ 0 , the value (13.9 nm) expected for perfectly aligned unstrained graphene on hBN. The strained graphene has a lattice constant which is increased from the unstrained value, a G , to a G + Δa G . This results in a reduction of the mismatch between the graphene and hBN lattice constants and, thus, a moirépattern which has a longer period since λ S ≈ a G 2 /(a hBN − a G − Δa G ), which would be expected to diverge for lattice-matched material. For samples grown at T S = 1500 °C, higher than the growth temperatures typically used for epitaxial growth of graphene on hBN, 20−28 we have previously reported moiréperiods up to ∼30 nm, corresponding to a strain, Δa G /a G ∼ 0.9%. Note that here Δa G is the deviation of the lattice constant averaged over the moiréperiod; Woods et al. 6 have proposed that a commensurate−incommensurate transition occurs in aligned G/hBN heterostructures leading to a small variation of the graphene lattice constant across the unit cell and this variation has recently been observed directly. 29 We now demonstrate that the maximum strain present in our epitaxial material increases for growth temperatures above 1500°C up to a condition where lattice-matching with hBN occurs. Figure 1 shows Raman spectra and images acquired by atomic force microscopy (AFM; all images acquired at room temperature under ambient conditions) for regions of graphene grown by MBE on hBN for values of T S ranging from 1550°C up to 1710°C. The hBN flakes used as substrates are exfoliated and mounted on a sapphire wafer. The substrate preparation, MBE growth system and other relevant growth parameters have been described in our earlier work 30, 31 and other relevant parameters are included in the Supporting Information (SI).
The AFM images (see SI) in Figure 1a −d shows regions with progressively larger moiréperiods arising from increasing strain. In some areas (Figure 1a ), we find a period ∼14 nm which is close to the value expected for unstrained, aligned graphene on hBN, but the period is much larger in many regions, for example λ S = 32, 50, and 75 nm in Figure 1b−d; these values correspond, respectively, to strains of 1.0%, 1.3%, and 1.5%, much larger than previously reported. 19 Most interestingly, in Figure 1e we observe topological differences in the moireṕ attern; the boundaries around the repeating hexagonal units are broken up and terminate at specific points on the sample surface. Consequently, the regions of graphene bounded by the bright topographic features are very large and the moiréperiod effectively diverges. As we argue below, the low contrast regions in this AFM image, which extend over ∼1 μm, correspond to lattice-matched graphene on hBN while the bright lines correspond to Frenkel−Kontorova (F−K) domain walls where the mismatch strain is localized as discussed by Woods et al.; 6 these lines terminate on defects in the graphene lattice.
The Raman spectra in Figure 1 were acquired at the locations of the corresponding AFM images and, as expected, 32−34 show that the presence of strain leads to pronounced changes in the spectral features. In Figure 1a −d, there are three peaks in the 2D band of the Raman spectra, two of which (here referred to as 2D † and 2D † † ) are red-shifted relative to unstrained relaxed graphene. A third peak, 2D ag is associated with the presence of turbostratic graphene aggregates which coexist with monolayer graphene in some regions of the surface 19 as discussed below. The two red-shifted peaks were previously assigned 19 to strained graphene on hBN, and the spectra in Figure 1 show clearly that the trend for increasing red shift of the 2D † and 2D † † bands with increased moiréperiod continues well beyond the reported limit of λ S = 30 nm.
The Raman spectrum shown in Figure 1e is qualitatively different; here we find a highly red-shifted, mono-Lorentzian 2D † peak at 2460 cm −1 , and both the 2D † † and 2D ag bands are absent. In addition, we observe a clear red-shifted G peak, referred to as G † , at 1488 cm −1 . Remarkably, the complex splitting and broadening which is present in Figure 1a −d evolves into Raman peaks in Figure 1e which are much narrower with full width at half maximum (FWHM) of 22 and 13 cm −1 (2D † and G † , respectively), close to the values observed for high quality exfoliated graphene. 34 While we analyze the Raman data in detail below, these general observations provide direct evidence that the local environment of carbon atoms is much more uniform in regions such as in Figure 1e . Note that a graphene sheet subjected to isotropic strain would be expected to exhibit Raman peaks which are shifted in energy but due to the absence of symmetry breaking would not undergo splitting. 32 Such spectra have been reported for a graphene membrane under hydrostatic pressure 35, 36 and for a quoted strain of 1.8% are very similar to those observed in Figure 1e , although our measured values of FWHM are significantly narrower. We also note that the relative intensity I(2D † )/I(G † ) ≈ 3.8, close to the value observed for exfoliated monolayer graphene. 34 There are several other peaks present in the Raman spectra in Figure 1 ; in all spectra we observe the hBN E 2g phonon mode, 37 at 1366 cm −1 . The spectra in Figure 1a −d show a G † † peak associated with strained graphene (present as a shoulder on the G † peak), and several other peaks associated with the presence of turbostratic graphene: 38, 39 an unshifted G ag peak (at ∼1585 cm −1 ); a D ag shoulder on the hBN peak (at ∼1350 cm −1 ); and a D′ ag shoulder (at ∼1625 cm −1 ) on the unshifted G ag peak. These peaks arise because the spot size of the Raman microscope (∼1 μm 2 ) is larger than the typical separation of turbostratic graphene aggregates; see, for example, the large area images in Figure 2 . At the higher growth temperatures, the density of aggregates is lower and we extract some spectra where the associated Raman peaks (2D ag , G ag , etc.) are completely absent (e.g., Figure 1e ). Further discussion of these features and the fitted positions and widths of all peaks in Figure 1 is provided in SI.
Higher-resolution images of regions with diverging moireṕ eriodicity are shown in Figure 2 . We find that the bright topographic features (Figure 2a ), which have a characteristic separation of 100−200 nm, run along one of three specific directions with a relative orientation of 120°and that their width is highly uniform. An image with lattice resolution (Figure 2c ) of the area highlighted in Figure 2a , where one of the F−K domain walls terminates, shows that these lines are oriented at 30°to the lattice vectors of graphene (these directions are overlaid on Figure 2c ). Profiles (Figure 2b ) along the paths identified in Figure 2a ,c show an apparent height of ∼40 ± 4 pm and FWHM of 21 ± 2 nm as measured in AC mode, while in contact mode the apparent height is ∼64 ± 4 pm and the FWHM is 6 ± 0.5 nm. Note that the difference in apparent dimension arises from the different imaging modality employed which tracks contours of constant amplitude of a driven cantilever (AC mode) or constant deflection (contact mode). Both values of effective width are greater than that observed by Woods et al. 6 who use peak force tapping mode that provides a measure of the variation in local Youngs modulus.
A schematic cross-section of an F−K domain wall is shown in Figure 2g ; here the periodic potential minima due to the hBN are represented by the red sinusoid, while the filled black circles correspond to carbon atoms. At the edges of the schematic, the carbon atoms sit in their preferred positions above the potential minima arising from the hBN substrate, but at the center there is an extra row of carbon atoms (viewed in cross-section). Thus, the lattice constant varies across the graphene and is larger at the center of the moirécell than at the edge. 6 If the assignment to F−K domain walls is correct, we expect that the bright topographic lines can only terminate at the origin of an edge dislocation in the graphene lattice. This is confirmed by a high-resolution AFM image (Figure 2d ) in which a hexagonal closed path with edges corresponding to 17 lattice constants is overlaid on the image; we find that the start and end points of the circuit do not coincide (these are marked by the yellow and red points on the circuit). The difference between these points corresponds to the Burgers vector for a defect enclosed by the path; this has a magnitude equal to one lattice constant and is oriented normal to the bright topographic lines and, therefore, parallel to one of the graphene 
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Letter lattice vectors. This observation provides direct confirmation that a commensurate−incommensurate transition 6 occurs and that the sources of network lines correspond to the introduction of an additional row of carbon atoms. The central regions of graphene in Figure 2a ,e are thus lattice-matched to hBN with strain relief in the neighboring regions provided by point-like defects which act as the source for additional rows of carbon atoms leading to progressively smaller moiréperiods.
At low red-shift, the 2D † † peak has a higher intensity than the 2D † peak (see Figure 1 and additional spectra in SI), but is weaker for higher red-shift. We have previously suggested 19 that the 2D † and 2D † † bands could arise from, respectively, the center of the moirécell where the strain is isotropic, 16, 29 and the edges where it is uniaxial. The relative intensity of the two Raman bands might therefore be expected to be proportional to the ratio of the effective areas of the central (2D † ) and edge (2D † † ) regions of the moiréunit cell. In Figure 3 , we compare the measured dependence on strain of the intensity ratio, I(2D † )/I((2D † † ) with a simple model which assumes that the edge region has a fixed width, d, independent of the strain. In the limit λ S ≫ d, this leads to the following form, I(2D † )/ I((2D † † ) ≈ a G 2 /2d(δa G − Δa G ) where δa G = (a hBN − a G ), the mismatch between the lattice constants of unstrained hBN and graphene. The intensity ratio is expected to diverge as the strain approaches the lattice-matching condition. This is consistent with our observations and a fit to the data in Figure 3 gives a value of 1.9 ± 0.1% for δa G /a G , close to the expected value, 1.8% (see Figure S2 and associated discussion in SI for more details of the fitting procedure including the determination of the strain from Raman data). Note that for lattice-matching the fraction of material at the edge regions is negligibly small and the associated 2D † † peak is no longer present, as observed in Figure 1a . We also assign the G † and G † † features to the two different graphene environments (center and edge of the moireć ell respectively; see SI). An interesting critical behavior is revealed in Figure 3b , which shows a scatter plot of the Raman shifts, ω(2D † ) and ω(2D † † ). For strains up to ∼1.3%, which corresponds to λ S = 50 nm, we observe a linear dependence (red line), followed by an abrupt change in gradient for higher strains. We suggest that this change occurs when the average strain is sufficiently high for the graphene at the center of the moirécell to be latticematched with the hBN substrate. This would imply that the strain at the center of the moirécell is close to 1.8% when the average strain is 1.3%, while the strain at the edges is <1.3%. Further increases of the average strain beyond this value results in an increase of the fraction of the moirécell area which is lattice-matched, but the maximum strain and therefore the 2D † Raman shift will remain approximately constant. In contrast, the strain at the edges and the red-shift of the 2D † † Raman peak will continue to increase until the average strain is ∼1.8% at which point the moiréperiod diverges, the edge regions effectively disappear, and the 2D † † peak loses intensity and merges with the 2D † peak.
We have extracted the dependence of the strain on the growth temperature from Raman maps of the sample, as shown in Figure 3 . Raman spectra were acquired at each point (in a square map of dimensions 32 × 32 μm 2 ) and the band position, ω(2D † ), was extracted using a fitting procedure (see SI) for samples grown at temperatures between 1425 and 1710°C. For selected growth temperatures in Figure 3 , spatial maps of ω(2D † ) show regions of highly strained material (red) coexisting with regions (blue) where the strain is much lower. From our AFM scans, we believe that the bluer regions correspond to areas of graphene which were initially strained but relaxed postgrowth through the propagation of cracks. 19 For each temperature we also show a histogram of the number of pixels with a given value of ω(2D † ) revealing a bi-Gaussian distribution corresponding to strained and relaxed graphene. The extracted mean peak position of the strained material confirms a systematic increase in the Raman shift (and strain) with growth temperature up to ∼1600°C (see Figure 3e ). Above this temperature, ω(2D † ) is approximately constant (about 2460−2480 cm −1 ) indicative of lattice-matched graphene at the center of the moirécell. Further maps and histograms for additional temperatures and the dependence of the 2D † † peak are included in SI. The electrical properties of the MBE-grown graphene layers have been investigated using conductive AFM (cAFM) which allows simultaneous contact mode AFM and measurements of local conductance. Samples are prepared, as shown in Figure 4a , by depositing an overlay of Ag nanowires to provide an electrical connection from the graphene across the insulating sapphire substrate to a counter electrode. The nanowires are deposited from solution and have a typical resistance of 200− 400 Ω/square. Their use avoids the requirement for lithographically defined contacts which can lead to surface contamination through the application of polymeric resists (see SI for more details and further results from devices which are fabricated after mechanical transfer of graphene/hBN flakes to a Si/SiO 2 substrate).
In the conductive AFM mode of imaging, the probe is scanned in contact mode, that is, a feedback loop is used to regulate the height of the cantilever so that the force between the tip and sample and, thus to first order, the tip−sample separation is constant along the trajectory of the tip. A fixed voltage is applied to the sample and the current at each point is measured. Images of the current variation for a region of highly strained graphene (Figure 4b ; sample bias −50 mV) show that the current flow is significantly greater when the probe is above the F−K domain walls as compared with the neighboring lattice-matched regions and even higher where the walls terminate at defects in the graphene lattice (the bright pointlike features in Figure 4b ). Note that the network of domain walls is also resolved in topographic contact mode images which are acquired simultaneously (Figure 4c) .
A current profile extracted from this region shows an increase in current by a factor ∼3 above a domain wall (Figure 4e) . A topographic height profile extracted from contact mode image (Figure 4d ) shows that the cantilever probe is withdrawn by 47 ± 5 pm as it passes over the domain wall; this is close to the effective heights determined in Figure 2b and provides evidence that the probe-sample separation is approximately constant during the electrical measurements (additional data showing the current variation from this region acquired with the scan rotated through 90°is included in the SI and confirms that the current increase is not due to scanning artifacts related to feedback and/or hysteresis effects). The increase in current must therefore be due to a variation in the intrinsic electronic properties of graphene in the nanoscale regions close to the domain walls.
A higher current flow from the AFM probe to the surface when it is positioned above a F−K domain wall may be due to a higher density of states in these regions. The value of the energy gap which is formed in lattice-matched graphene/hBN has been predicted 14 to be ∼50 meV, close to 2k B T at room temperature. The lower currents measured above the latticematched regions are consistent with a lower density of states which might be expected in the presence of a band gap which is of order a few times k B T. Interestingly, the lattice-matching is absent in the graphene folds which form the F−K domain walls (see Figure 2g ) and the band gap in these regions would be expected to be smaller or completely absent. Although there has been no detailed study of the quantum properties of F−K domain walls embedded in lattice-matched graphene, the onedimensional symmetry is likely to promote analogies with conduction in carbon nanotubes.
We also observe enhanced current flow close to the topological defects which terminate the F−K lines; here the difference in conductance is much greater, six times, than over the lattice-matched regions. From a chemical perspective, there is at least one carbon atom which is not bonded to three neighboring carbon atoms at these defect sites and it is possible that these unsatisfied bonds lead to a higher local density of states. We highlight an analogy between the enhanced current above the defects in Figure 4 with the formation of edge contacts to graphene embedded between hBN sheets; 40 in both cases low resistance contacts are formed to a region of graphene where the carbon lattice has been disrupted.
Our Raman and AFM results provide conclusive evidence that it is possible to grow domains of lattice-matched graphene on hBN using high-temperature MBE. This lattice-matched region evolves laterally into graphene with reduced strain through the introduction of defects and associated domain walls (Figure 2e ). Figure 2f shows a larger area scan in which isolated islands of turbostratic graphene are also observed (such regions give rise to the aggregate peaks in the Raman spectrum); in addition there are rows of these aggregates along step edges and/or cracks in the hBN substrate. This larger scale morphology is typical of the regions where we find the lattice-matched material, and as we have suggested previously 19 it is possible that these aggregates provide pinning sites which maintain the strain in the epitaxial graphene when cooling down from the high growth temperatures employed in this growth process.
Our results demonstrate an enhanced conductance of F−K defects embedded in highly strained graphene with the topological defects at their termination providing contact points of lower resistance. In this regime, the graphene might therefore be considered as a network of conducting quantum pathways rather than a homogeneous conductor. We believe that the novel material that can be grown using hightemperature MBE shows great promise both in realizing the long-standing objective of the introduction of a bandgap into graphene and the exploration of one-dimensional conductors and their junctions.
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